The p53 protein is one of the major tumor suppressor proteins. In response to DNA damage, p53 is prevented from degradation and accumulates to high levels. Ionizing radiation leads to hypophosphorylation of the p53 ubiquitin ligase Mdm2 at sites where phosphorylation is critical for p53 degradation and to the phosphorylation and activation of Akt/PKB, a kinase that phosphorylates and inhibits GSK-3. GSK-3, which normally phosphorylates Mdm2, is inactivated in response to ionizing radiation. We show that p53 accumulates in lymphoblasts from patients with the hereditary disorder ataxia telangiectasia in response to ionizing radiation despite the absence of a functional ATM kinase. Also, knockdown of ATR did not prevent p53 accumulation in response to ionizing radiation. Instead, p53 stabilization in response to ionizing radiation depended on the inactivation of GSK-3 and the presence of Akt/PKB. Akt/PKB is a target of DNA-PK, a kinase that is activated after ionizing radiation. Correspondingly, downregulation of DNA-PK prevented phosphorylation of Akt/PKB and GSK-3 after ionizing radiation and strongly reduced the accumulation of p53. We therefore propose a signaling cascade for the regulation of p53 in response to ionizing radiation that involves activation of DNA-PK and Akt/PKB and inactivation of GSK-3 and Mdm2.
The p53 protein is one of the major tumor suppressor proteins. In response to DNA damage, p53 is prevented from degradation and accumulates to high levels. Ionizing radiation leads to hypophosphorylation of the p53 ubiquitin ligase Mdm2 at sites where phosphorylation is critical for p53 degradation and to the phosphorylation and activation of Akt/PKB, a kinase that phosphorylates and inhibits GSK-3. GSK-3, which normally phosphorylates Mdm2, is inactivated in response to ionizing radiation. We show that p53 accumulates in lymphoblasts from patients with the hereditary disorder ataxia telangiectasia in response to ionizing radiation despite the absence of a functional ATM kinase. Also, knockdown of ATR did not prevent p53 accumulation in response to ionizing radiation. Instead, p53 stabilization in response to ionizing radiation depended on the inactivation of GSK-3 and the presence of Akt/PKB. Akt/PKB is a target of DNA-PK, a kinase that is activated after ionizing radiation. Correspondingly, downregulation of DNA-PK prevented phosphorylation of Akt/PKB and GSK-3 after ionizing radiation and strongly reduced the accumulation of p53. We therefore propose a signaling cascade for the regulation of p53 in response to ionizing radiation that involves activation of DNA-PK and Akt/PKB and inactivation of GSK-3 and Mdm2.
ionizing radiation ͉ Mdm2 I onizing irradiation (IR) is a major inducer of DNA doublestrand breaks (DSBs), a severe cellular lesion that leads to cell death, chromosomal rearrangements, and cancer (1) . To maintain genomic stability despite recurring insults, defense mechanisms have evolved including cell cycle arrest, DNA repair, and apoptosis (1) . DSBs are typically recognized by large phosphatidylinositol 3-kinase-like protein kinases such as ataxia telangiectasia mutated (ATM) and DNA-dependent protein kinase (DNA-PK), which signal to downstream effectors to implement the DNA damage response. Particularly at later time points after IR, a third kinase of the family, ATM and Rad3-related (ATR), may also contribute to the response.
One of the most critical components in the DNA damage response is the tumor suppressor protein p53, a protein with cell cycle arrest-inducing and proapoptotic functions. p53 is frequently mutated in human tumors, and mice that are null for p53 develop lymphomas and sarcomas (2) . In resting cells, p53 protein levels are low because of the activity of several E3 ubiquitin ligases such as Mdm2, PirH2, and COP1 (3). In the presence of DNA lesions, p53 is released from this control and accumulates to high levels, which results in the transcription of p53 target genes (4). This increase in p53 abundance in response to DNA damage is thought to be brought about by several mechanisms (5) . In response to IR, ATM appeared to be the major player. ATM phosphorylates Chk2 and p53 at serine-15. Activated Chk2 subsequently phosphorylates p53 at serine-20. In addition, ATM phosphorylates the p53 ubiquitin ligases Mdm2 and COP1. These various phosphorylations are thought to release p53 from its control (6) (7) (8) .
In contrast to this model, replacement of serine-15, threonine-18, or all of the serines in the N terminus of p53 with an alanine did not alter p53 half-life or its accumulation in response to DNA damage (9) (10) (11) . Moreover, p53 that accumulates after IR is still ubiquitylated (12) . These discrepancies suggest the existence of alternative pathways.
To resolve this caveat we determined p53 accumulation in ATM-deficient cells and investigated the pathway that leads to p53 accumulation in response to IR. Here we show that Akt/PKB and DNA-PK are required for the stabilization of p53 in response to IR. GSK-3 and Akt/PKB are both phosphorylated in response to IR. However, whereas Akt/PKB is activated in response to IR, phosphorylation of GSK-3 corresponds to its inactivation. Downregulation of Akt-2/PKB␤ by siRNA prevented phosphorylation of GSK-3 and strongly reduced the accumulation of p53 after IR. IR predominantly activated Akt/PKB in the nuclear cell compartment in a DNA-PK-dependent manner. Consistently, down-regulation of DNA-PK by siRNA prevented phosphorylation and inactivation of GSK-3 and reduced p53 accumulation in response to IR.
Results and Discussion p53 Accumulates After IR in Cells with Mutated ATM.
We studied the accumulation of p53 in response to IR in lymphoblastoid cell lines derived from three different patients with ataxia telangiectasia (AT) and compared it with the accumulation of p53 in wild-type cells. All three AT cell lines that we used expressed negligible amounts of the ATM kinase whereas ATM was clearly detectable in cells from a nonaffected donor or from a patient with Nijmegen breakage syndrome (Fig. 1A) , a genetic disease that is caused by a mutation in the nibrin 1 gene (13). When we irradiated AT lymphoblasts, p53 accumulated in all AT cell lines [ Fig. 1B and supporting information (SI) Fig. S1 A and B] . The accumulation of p53 was already detectable after irradiation with doses as low as 0.5 Gy in cells from AT patients and in cells from an unaffected donor and was further increased in a dose-dependent manner (Fig. 1C) . In consistency with previous reports, cells from AT patients were almost completely devoid of radiation-induced phosphorylation of serine-15 and serine-20 of p53 ( Fig. 1D and Fig. S1 A and C) . This is particularly evident from those experiments, where we treated the cells with the proteasome inhibitor MG132, which enabled us to determine p53 phosphorylation after irradiation whereas p53 abundance was not changed. Even at 4 h after irradiation, phosphorylation of p53 at serine-15 was markedly reduced in AT cells compared with wild-type cells, and phosphorylation of serine-20 was hardly detectable even after long exposure times ( Fig. S1 A and C) . Likewise, treatment of human osteocarcinoma cells with an ATM inhibitor prevented phosphorylation of p53 at serine-15 but allowed p53 accumulation to a comparable extent as in mock-treated cells (Fig. 1E) . Similarly, down-regulation of ATM by siRNA significantly reduced p53 phosphorylation but did not reduce p53 accumulation (Fig. 2) . Down-regulation of ATR, a kinase of the same family of kinases, by siRNA did not affect phosphorylation of p53 or accumulation of p53 at all. Likewise, down-regulation of both ATM and ATR did not reduce p53 accumulation. Interestingly, down-regulation of both kinases did not reduce phosphorylation of p53 or p53 accumulation any further than down-regulation of ATM alone ( Fig. 2 and Fig. S2 ). Down-regulation of ATM, ATR, or both also did not affect phosphorylation of GSK-3 or Akt/PKB (Fig. S2 ). These results demonstrate that ATM and phosphorylation of p53 at serine-15 and serine-20 are negligible for p53 accumulation. This result is, however, in contrast to a previous report by Kastan et al. (14) . The discrepancy between the two observations is most likely due to the different cell types that were used and their varying response to ATM mutations. Whereas Kastan et al. (14) investigated primary fibroblasts, which grow poorly in the absence of ATM activity, we used lymphoid cells where mutations in the atm gene do not affect cell growth. p53 induction in response to IR, however, depends on cell proliferation (15) . The fact that down-regulation of ATM and ATR did not reduce p53 phosphorylation further than down-regulation of ATM alone suggests that ATR is most likely not the kinase that mediates the residual phosphorylation of p53 on serine-15 in the absence of ATM (Fig. 1D, Fig. 2 , and Fig. S1 ). In summary, our data demonstrate that an ATM-independent pathway exists for the control of p53 levels in response to IR. Nevertheless, because we have not investigated carefully induction of p53 in wild-type cells at time points earlier than 1 h after irradiation in the AT cell lines, we cannot exclude the possibility that ATM contributes to p53 induction at very early time points.
Stabilization of p53 in Response to IR Is Regulated by Glycogen
Synthase Kinase 3. To identify the signaling cascade that leads to p53 accumulation after IR, we followed the observation that Mdm2 is dephosphorylated after IR at several consecutive phosphorylation sites where phosphorylation is vital for p53 degradation (16) . Some of these sites, respectively, serine-240 and serine-254, are phosphorylated by glycogen synthase kinase-3␤ (GSK-3␤), a serine/threonine kinase that was initially isolated as a kinase for glycogen synthase (18, 19) . Mammalian cells possess two GSK-3 isoforms, GSK-3␣ and GSK-3␤, which are constitutively active but become inactivated by phosphorylation of serine-9 of GSK-3␤ and serine-21 of GSK-3␣ (19) . For full activity, GSK-3 usually requires phosphorylation of a priming site 3 aa downstream (S/T-XXX-S/T-P; amino acids in bold are phosphorylated by GSK-3). In response to IR, GSK-3␤ is phosphorylated at serine-9, which leads to its inactivation (Fig. , from a patient with Nijmegen breakage syndrome (NBS), and from an unaffected control were probed for ATM and for proliferating cell nuclear antigen (PCNA) for loading control. (B) Lymphoblasts from AT patients and an unaffected control were irradiated, harvested at the indicated time points, and probed for p53 and for PCNA for loading control. (C) Lymphoblasts from AT patients and an unaffected control were irradiated with the indicated doses, harvested 4 h after irradiation, and probed for p53 and PCNA. (D) Lymphoblasts from AT patients and an unaffected control were incubated in the presence of 10 M MG132 for 4 h. Fifteen, 30, or 60 min before harvest, cells were irradiated, lysed, and probed for p53 phosphorylated at serine-15, serine-20, pan-p53, and PCNA. (E) Wild-type lymphoblasts were incubated with 10 M MG132 for 5 h or left untreated for control. Thirty minutes before irradiation an ATM kinase inhibitor (10 M) was added. Cells were lysed 1.5 h after irradiation and probed for p53 and PCNA. Lysates from cells that had been incubated with MG132 were also probed for p53 phosphorylated at serine-15. Fig. 2 . Down-regulation of ATM and/or ATR does not prevent the accumulation of p53 in response to IR. U2OS cells were transfected with siRNA directed against ATM, ATR, ATM and ATR, or a nonspecific control siRNA. Ninety-six hours after transfection, cells were irradiated. Cells were harvested 4 h after irradiation. ATM, p53, and PCNA expression was determined by Western blotting. A second membrane was hybridized with antibodies directed against ATR, p53 phosphorylated at serine-15, and PCNA. Signals for p53 and PCNA were quantified. The graph shows mean values and standard deviations of three independent experiments. The relative amount of p53 in unirradiated cells was set to 1.
3B) (17, 20) . This phosphorylation of GSK-3␤ is independent of ATM because it occurs in wild-type and AT cells to the same extent (Fig. 3C) . Inhibition of GSK-3␤, e.g., with the specific GSK-3 inhibitor alsterpaullone, increased p53 abundance (Fig.  3A ) (17) , indicating that GSK-3 activity is required for p53 turnover. In consistency with this principle, overexpression of a constitutively active mutant of GSK-3␤ where serine-9 had been replaced with an alanine, and which is therefore refractory to radiation-mediated inhibition, significantly reduced the accumulation of p53 in response to IR (Fig. 3D) (17) . Moreover, in the presence of an Mdm2 mutant, in which one or both of the GSK-3 phosphorylation sites has been replaced with an aspartic acid and thus resembles phosphorylated Mdm2, p53 accumulation after IR was significantly reduced (Fig. 3E) . It should also be mentioned that the S254D mutant was incapable of targeting p53 for degradation and the S240D/S254D was less competent in reducing p53 levels than wild-type Mdm2, indicating that not only the charge but also the amino acid backbone is important for Mdm2 function. Likewise, when we replaced one of the GSK-3 phosphorylation sites together with another phosphorylated site of Mdm2 (16) or with one of the GSK-3 priming sites (Fig. S3) , with an aspartic acid accumulation of p53 after IR was similarly reduced, indicating that hypophosphorylation of the central domain of Mdm2 is crucial for the accumulation of p53 after IR (16) .
Accumulation of p53 in Response to IR Requires Akt2/PKB␤ and DNA-PK. One of the kinases that directly phosphorylate GSK-3 is AKT/PKB. Native Akt/PKB is inactive, but the kinase can be rapidly activated by phosphatidylinositol 3-kinases, which leads to phosphorylation of Akt/PKB at threonine-308 and serine-473 (21) . For full activity, phosphorylation of both sites (threonine-308 and serine-473) is required. As reported previously, both sites, threonine-308 and serine-473, are phosphorylated in response to IR both in the cytoplasm and in the nucleus (Fig. 4A ) (22, 23) . This phosphorylation of Akt/PKB is independent of ATM because Akt/PKB was also phosphorylated in cells from AT patients (Fig. 4B) . Although the phosphorylation of Akt/ PKB after IR and the fact that GSK-3 is a target pointed toward a contribution of Akt/PKB in the signaling chain leading to GSK-3 phosphorylation, we were puzzled by the fact that Akt/PKB is known as a primarily cytoplasmic kinase. DNA lesions and accumulation of p53 occur, though, in the nuclear compartment of the cell. To resolve this caveat, we prepared cytoplasmic and nuclear lysates and determined the amount and phosphorylation of Akt/PKB and GSK-3␤ in cytoplasmic and nuclear fractions. Notably, a significant part of Akt/PKB was localized in the nucleus, although cytoplasmic Akt/PKB protein levels were considerably higher (Fig. 4A ). Most interestingly, nuclear Akt/PKB was phosphorylated at serine-473 at much earlier time points after IR than the cytoplasmic protein and preceded GSK-3␤ phosphorylation. Moreover, the overall increase in phosphorylation was significantly higher for nuclear Akt/PKB. Correspondingly, phosphorylation of GSK-3␤ was clearly stronger in the nuclear compartment than in the cytoplasm. Cytoplasmic Akt/PKB was also phosphorylated at threonine-308 in response to IR, although phosphorylation of threonine-308 was always weaker than phosphorylation of serine-473 and usually did not exceed a factor of 2. However, we failed to detect a significant increase in phosphorylation of threonine-308 in the nucleus (Fig. 4A ). To monitor that nuclear Akt/PKB is activated after IR, we determined the capacity of nuclear and cytoplasmic Akt/PKB to phosphorylate bacterially expressed and purified GST-GSK-3␤. Surprisingly, cytoplasmic Akt/PKB was hardly activated in response to IR whereas nuclear Akt/PKB phosphorylated GSK-3␤ very efficiently (Fig. 4C) . The observation that nuclear Akt/PKB is activated upon IR almost exclusively suggests that all active Akt/PKB translocated into the nucleus or, even more likely, that activation of Akt/PKB after IR occurred within the nuclear compartment. In this context, phosphorylation of Mdm2 at serine-166 and serine-186 by Akt/PKB, which leads to nuclear translocation of Mdm2, can be disregarded (24) . In consistency with the kinase assay, GSK-3␤ was predominantly phosphorylated in the nucleus, although phosphorylation of cytoplasmic GSK-3␤ was still detectable (Fig. 4C) .
Akt/PKB represents a family of three serine/threonine kinases (Akt-1/PKB␣, Akt-2/PKB␤, and Akt-3/PKB␥). Two of them, Akt-1/PKB␣ and Akt-2/PKB␤, are widely expressed in human Wild-type lymphoblasts were irradiated and harvested after the indicated time. Phosphorylated GSK-3␤, total GSK-3␤, and PCNA were determined by Western blotting. (C) Lymphoblasts from AT patients and unaffected controls were irradiated and harvested after the indicated times. Phosphorylated GSK-3␤ and PCNA were determined by Western blotting. (D) U2OS cells were transfected with Flag-tagged wild-type GSK-3␤, with Flag-tagged GSK-3␤-S9A, or with vector for control, selected for 6 days with neomycin, irradiated, and harvested 4 h after irradiation. p53, phosphorylated GSK-3, Flagtagged GSK-3␤, and PCNA expression was determined by Western blotting. (E) H1299 cells were transfected with 0.2 g of a plasmid expressing p53 together with 1 g of a plasmid expressing wild-type Mdm2 or mutant Mdm2 where serine-240, serine-254, or both were replaced with an aspartic acid or with a vector DNA for control. Forty-eight hours after transfection, cells were irradiated with 7.5 Gy. Cells were harvested 4 h after irradiation. Hdm/Mdm2, p53, and PCNA levels were determined by Western blotting. Signals for p53 and PCNA were quantified. The graph shows mean values and standard deviations of three independent experiments. The relative amount of p53 in unirradiated cells was set to 100%.
tissues (25) . To determine which of the Akt/PKB isoforms is responsible for GSK-3␤ phosphorylation after IR, we downregulated both isoforms individually by siRNA. Transfection of U2OS cells with siRNA against Akt-1/PKB␣ or Akt-2/PKB␤ efficiently down-regulated the respective Akt/PKB isoform (Fig.  S4) . However, whereas down-regulation of Akt-1/PKB␣ did not affect phosphorylation of GSK-3␤, down-regulation of Akt-2/ PKB␤ almost completely blocked phosphorylation of GSK-3␤ in response to IR (Fig. 4D) . Most importantly, down-regulation of Akt-2/PKB␤ also strongly reduced the accumulation of p53 in response to IR whereas down-regulation of Akt-1/PKB␣ only slightly reduced p53 stabilization, which is probably because of some cross-reactivity of the Akt-1/PKB␣ siRNA with the Akt-2/PKB␤ transcript ( Fig. 4D and Fig. S4 ). Although phosphorylation of Akt/PKB at serine-473 correlated with phosphorylation of GSK-3 and stabilization of p53, these data do not exclude the possibility that Akt/PKB might be modified at other, as yet unknown sites after IR, which might be even more important for the stabilization of p53. Such a possibility would be consistent with the very strong activation of Akt/PKB in the nucleus after IR and the sometimes rather weak phosphorylation of serine-473. Nevertheless, these data strongly support the requirement of Akt-2/PKB␤ for p53 stabilization in response to IR.
Because one of the kinases that phosphorylates Akt/PKB at serine-473 is DNA-PK, a serine/threonine kinase that is specifically activated by DNA DSBs (26), we determined Akt/PKB phosphorylation in embryonal fibroblasts from mice with severe combined immunodeficiency syndrome (SCID). SCID cells have been reported to lack DNA-PK function (27) . In consistency with previous reports (28), fibroblasts from SCID mice showed Wild-type lymphoblasts were irradiated, harvested at the indicated times, and separated into cytoplasmic and nuclear fractions. Phosphorylation of Akt/PKB at threonine-308 and serine-473, total Akt/PKB, phosphorylation of GSK-3␤ at serine-9, total GSK-3␤, and PCNA were determined by Western blotting. (B) Lymphoblasts from AT patients and unaffected controls were irradiated and harvested after the indicated times. Phosphorylated Akt, total Akt, and PCNA were determined by Western blotting. (C) Wild-type lymphoblasts were irradiated and harvested after 4 h. Where indicated, cells were fractionated into nuclei and cytoplasm. (I) Akt/PKB was immunoprecipitated from 600 g of lysates and incubated with 1.5 g of GST-GSK-3␤ and [␥-32 P]ATP. For control, total cell lysate of irradiated cells was incubated with IgG coupled to protein A Agarose (IgG) and processed as described. Samples were separated by electrophoresis and blotted. The membrane was exposed onto an x-ray film ( 32 P-GSK-3␤) before hybridization with antibodies directed against Akt/PKB and GST. (II) Lysates were separated by SDS/PAGE, blotted, and processed as described in the legend to A. Signals for phosphorylated Akt/PKB, total Akt/PKB, phosphorylated GSK-3␤, and total GSK-3␤ were quantified, and the relative increase in phosphorylation after IR was calculated. Relative phosphorylation of Akt/PKB and GSK-3␤ of nonirradiated cells were set to 1. (D) U2OS cells were transfected with siRNA directed against Akt-1/PKB␣, Akt-2/PKB␤, or a nonspecific control siRNA or left untransfected for control. Seventy-two hours after transfection, cells were irradiated. Cell were harvested 4 h after irradiation and probed for Akt/PKB (directed specifically against Akt-2/PKB␤ in the second part of the figure), phosphorylated GSK-3␤, total GSK-3␤, and PCNA. A second membrane was probed for p53 and PCNA. Signals for phosphorylated GSK-3␤ and total GSK-3␤ were quantified. Relative values for GSK-3␤ phosphorylation of three independent experiments and standard deviations were plotted. Relative values for GSK-3␤ phosphorylation of unirradiated cells were set to 1.
no increase in Akt/PKB phosphorylation at serine-473 after IR. Correspondingly, phosphorylation of GSK-3␤ at serine-9 after IR was undetectable (Fig. 5A) . Likewise, down-regulation of DNA-PK by siRNA prevented radiation-induced phosphorylation of Akt/PKB at serine-473 and phosphorylation of GSK-3␤ (Fig. 5B) . Most importantly, accumulation of p53 in response to IR was significantly reduced when DNA-PK was down-regulated (Fig. 5B) , while down-regulation of the p110 alpha subunit of PI3-kinase had no effect (Fig. S5) . Likewise, when a DNA-PK inhibitor was applied to the cells before irradiation, p53 accumulation was significantly reduced. (Fig. 5C) .
Because p53 levels were only reduced after IR in the presence of the DNA-PK inhibitor or after down-regulation of DNA-PK, but not completely prevented, we suspect that the inhibition of DNA-PK was incomplete or that another pathway exists that contributes to the control of p53 stability in response to IR. The latter possibility would be in line with previous observations that several mechanisms control p53 stability in response to DNA damage (5). Our result that DNA-PK participated in the stabilization of p53, though, disagrees with several previous investigations including our own (10, 29, 30) . This discrepancy may be attributable to the fact that investigations of the p53 response of SCID cells are restricted to mouse cells, which may differ from human cells in their response. Alternatively, SCID cells may have recruited an alternative pathway that took over some of the functions of DNA-PK, which is absent upon transient downregulation of DNA-PK by siRNA or inhibition of the kinase by a synthetic compound. It is also possible that the SCID mutation may not completely shut off the kinase activity in vivo (31, 32) .
With this work we demonstrate the existence of an ATM-independent pathway for the accumulation of p53 in response to IR that is initiated by DNA-PK and which involves activation of Akt-2/PKB␤ and inactivation of GSK-3␤ (Fig. 5D ). Whether this pathway also affects degradation of p53 by other E3 ligases such as COP-1 or Pirh2 remains to be determined.
Materials and Methods
Cell Lines and Their Treatments. GM02184 (wild type), GM0719 (AT), GM1526 (AT), GM3189 (AT), and GM15808 (NBS) lymphoblasts were purchased from Coriell Cell Repositories and cultured in RPMI medium 1640 with 15% heatinactivated FCS and 100 units/ml penicillin/streptomycin. U2OS and H1299 cells were provided by G. Taucher-Scholz (Gesellschaft fü r Schwerionenforschung, Darmstadt, Germany). Mouse embryonal fibroblasts and SCID cells (33) were provided by B. Kaina (Mainz University, Mainz, Germany) and cultured in DMEM supplemented with 10% FCS and 100 units/ml penicillin/streptomycin. All cell lines were kept at 37°C and 5% CO 2 in a humidified atmosphere. For some experiments, cells were incubated in DMEM supplemented with 0.5% FCS and 100 units/ml penicillin/streptomycin overnight before irradiation.
The ATM inhibitor 2-morpholin-4-yl-6-thianthren-1-yl-pyran-4-one (Calbiochem), alsterpaullone, and MG132 were used at a final concentration of 10 M, and the DNA-PK inhibitor V (Calbiochem) was used at a final concentration of 2 M. Neomycin was added at a concentration of 300 g/ml. Cells were irradiated with 10 Gy (if not otherwise indicated) in culture medium using a cobalt-60 ␥-source at a dose rate of 1.5 Gy/min. Embryonal mouse fibroblasts (MEF) from healthy donors and from mice with SCID were irradiated, harvested at the indicated time points, fractionated into nuclei and cytoplasm, and probed for phosphorylated Akt/PKB (serine-473), total Akt/PKB, phosphorylated GSK-3␤, total GSK-3␤, for PARP and paxillin to monitor the quality of fractionation, and for PCNA. (B) U2OS cells were transfected with siRNA directed against the catalytic subunit of DNA-PK, a nonspecific control siRNA, or left untransfected for control. Ninety-six hours after transfection, cells were irradiated. Cells were harvested 4 h after irradiation. DNA-PK, phosphorylated Akt/PKB (serine-473), total Akt/PKB, phosphorylated GSK-3␤, total GSK-3␤, and PCNA were determined by Western blotting. Signals were quantified, and the relative amount of phosphorylated Akt/PKB and phosphorylated GSK-3␤ was calculated. Mean values and standard deviation of three independent experiments were plotted. The relative amount of phosphorylated Akt/PKB and GSK-3␤ was set to 1. A second membrane was hybridized with the anti-p53 antibody Ab-2 and an antibody directed against PCNA. (C) Lymphoblasts from AT patients and unaffected controls were incubated with 2 M of an inhibitor of DNA-PK, irradiated, and harvested after the indicated time. p53 and PCNA levels were determined by Western blotting. (D) Model for the pathway for p53 control in response to IR. Activation of DNA-PK leads to the phosphorylation and activation of Akt/PKB and subsequently to the inactivation of GSK-3␤. In consequence, Mdm2 is hypophosphorylated and incapable of mediating p53 degradation.
Plasmids. The plasmid pGEX-4T-2-WT-GSK-3␤ (amino acids 1-100) was created by PCR amplification of the N-terminal fragment of GSK-3␤ and ligated into pGEX-4T-2. Plasmids for p53 and Mdm2 were described earlier (16) . The Mdm2 mutants S240D, S251D, S254D, S240D/S251D, S254D/S258D, and S240D/S254D were created by site-directed mutagenesis.
siRNA. siRNAs were transfected by using LipofectamineTM2000 (Invitrogen) according to the manufacturer's recommendations. siRNAs against ATM and ATR were used at 60 nM, siRNA against Akt-2/PKB␤ was used at a final concentration of 30 nM, and siRNAs against Akt-1/PKB␣ and DNA-PK were used at a final concentration of 75 nM. Cells were harvested at 3 days (ATM, ATR, Akt-1/PKB␣, and Akt-2/PKB␤) and 4 days (DNA-PK) after transfection if not otherwise indicated. Sequences of siRNAs are available on request.
Cell Lysis, SDS/PAGE, and Western Blotting. SDS/PAGE and Western blotting were performed as described (16) . For some experiments, the lysis buffer was supplemented with the phosphatase inhibitor PhosSTOP (Roche) according to the manufacturer's recommendation. The following antibodies were used: Ab-2 (anti-p53; Oncogene Science), 15G8 ( For cell fractionation, cells were resuspended in lysis buffer (25 mM HEPES, pH 7.9/1.5 mM EDTA, pH 8.0/50 mM NaCl/0.5% Nonidet P-40) and incubated for 3 min on ice. Pre-B lymphoblasts were incubated for 2 min on ice. After centrifugation at 4,500 ϫ g at 4°C for 5 min, the cytoplasmic fraction was transferred to a fresh tube. The nuclei were washed with 25 mM HEPES (pH 7.9)/1.5 mM EDTA (pH 8.0)/50 mM NaCl, resuspended in ice-cold lysis buffer, and lysed by mild sonification. Insoluble material was separated from the nucleic fraction by centrifugation at 16,000 ϫ g for 10 min at 4°C.
Membranes were stripped at 50°C for 40 min in 62.5 mM Tris⅐HCl (pH 6.8), 2% SDS, and 50 mM DTT by constant shaking and washed four times in PBS/0.2% Tween.
Immunoprecipitation. Cells were lysed in Nonidet P-40 buffer for 20 min. The protein extract was cleared by centrifugation at 16,000 ϫ g at 4°C for 15 min, and the protein concentration was determined by the method of Bradford. A total of 0.5 l of an antibody against Akt/PKB, precoupled to protein A-Agarose (Pierce), were added to 600 g of the lysate and incubated for 1.5 h. The protein/antibody/ Agarose complexes were washed three times with Nonidet P-40 lysis buffer and used as a kinase source for kinase assays.
Kinase Assay. A total of 1.5 g of a bacterially expressed GST-GSK-3␤ fusion protein was incubated with Akt/PKB fixed on Sepharose beads in 7 mM Mops, pH 7.3/20 mM MgCl2/0.2 mM EDTA/1 mM DTT/10 M ATP/250 Ci/ml [␥-32 P]ATP for 30 min at 30°C.
